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INTRODUCTION

It is important to be able to predict the strength of overconsolidated and
normally-consolidated clays because most natural soil deposits are lightly to
heavily overconsolidated or at least have an overconsolidated crustal layer.
Laboratory and field testing are essential to the thorough investigation of a
site. However,; the information obtained is limited in many ways because of
problems associated with sampling, testing, and costs. It is therefore advantageous
to represent the undrained shear strength in a simple manner, using as few
soil constants as possible. The intent of this paper is to review documented
and published data found in the geotechnical literature and compare observed
soil behavior under undrained conditions with predictions made using the
critical-state Cam-Clay concepts presented by Schofield and Wroth (66). It is
shown that the theory is an effective stress approach that encompasses total
stress analyses such as that presented in the Stress History and Normalized
Soil Engineering Properties SHANSEP method by Ladd and Foott (40).

The critical-state Cam-Clay concept of soil mechanics is a plasticity theory
for soil behavior based on an interdependent relationship between strength,
effective stress, and water c¢ontent. Schofield and Wroth (66) review the theory
in detail and amendments to the model have been proposed by Roscoe and
Burland (63), Egan (21), Pender (58), Van Eekelen and Potts (84) and others.
The model is simple in that only two soil constants are required to represent
the undrained shear strength of a soil for any degree of overconsolidation (OCR).
These soil parameters are: (1) the effective friction angle (¢’); and (2) the
critical-state pore pressure parameter ( A,), that may be obtained experimentally
from the results of one or more consolidated undrained triaxial compression
tests (CIU or CK U tests).

This study mcludes a summary of the static undramed strength data of clay
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TABLE 1.—Sail
Number Soil LL | PI ¢’ C. C,
(1) (2) (3) ] 4 | (5 (6) (7)
1 Weald 43 25 | 22.0 0.214 0.081
2 Kaolin 72 31 | 235 0.573 0.170
22.0 0.580 0.165
3 San Francisco Bay Mud 88 45 | 35.2 0.665 0.221
4 London Clay 78 52 | 18.4 0.371 0.143
5 Keuper Marl 32 14 | 259 0.272 0.058
6 Portland 55 26 | 32.0 N/A N/A
7 Illite 57 31 | 24.6 0.431 0.138
8 Boston Blue 41 21 | 26.8 0.338 0.138
9 Bangkok 65 41 | 254 0.511 0.092
10 Oslo 39 18 | 27.0 0.175 0.035
11 : Bradwell 95 65 | 20.0 0.714 0.152
12 Bentler 63 33 | 22.7 N/A N/A
13 Shellhaven 110 80 | 23.0 0.937 0.051
14 Calcium Montmorillonite 203 | 169 | 12.5 0.979 0.440
15 Newfield 28 10 | 30.5 0.210 0.018
16 Vienna 47 25 | 25.8 0.299 0.055"
17 Virginia Coastal 54 27 | 28.5 0.444 0.055
18 Spestone Kaolin 72 32 | 22,6 0.693 0.069
19 . Japanese ‘ 64 37 | 33.7 0.403 0.078
20 Little Belt 127 91 | 21.0 0.889 0.442
21 Atchafalaya 95 75 | 21.0 N/A N/A
22 Soft Bangkok 85 49 | 20.0 N/A N/A
23 Milazzo 61 33 | 23.0 0.431 0.111
24 Calcium Illite 85 48 | 24.2 0.758 0.274
25 Mexico Volcanic 426 | 286 | 47.0 7.145 2.577
26 Drammen 33 |- 15 | 28.0 0.265 0.055
27 Backswamp 70 40 | 22.2 0.583 0.163
28 Kars Leda 45 21 | 28.3 1.121 0.021
29 Portsmouth 35 15 | 21.0 0.299 0.014
30 Willard Bay N/A|N/A | 37.0 0.933 N/A
31 . Plastic Holocene 65 38 | 32.9 0.640 0.087
32 Ghana 42 29 | 20.8 0.182 0.058
33 Halloysite 62 26 | 34.3 0.304 0.053
34 Simple Clay N/A|N/A | 23.1 0.207 0.083
35 Seattle 52 26 | 28.8 0.260 0.081
36 Rang de Fleuve 73 46 | 28.6 N/A N/A
37 Sodium Illite 79 44 | 20.7 0.362 0.200
38 Grundite 55 29 | 32.3 0.359 0.177
39 Terra Roxa 43 22 | 29.2 0.216 0.046
40 Amuay : 71 42 | 299 0.488 N/A
41 Scott 34 12 | 334 0.138 0.037
42 Connecticut Varved 65 39 | 209 0.569 0.101
35 12
43 Toledo 42 23 | 20.0 0.288 0.067
44 Kawasaki . 65 31 | 359 0.668 0.058
45 Tjipanundjang 165 46 | 35.0 N/A | N/A
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Properties
S,/ Type
(n.c.) A, r test Reference
(8) (9) (10) (11) (12)
10.279 .0.531 {0.994 |CIU Henkel 1960
(0.313)* | 0.389 [0.984 |CIU Amerasinghe and Parry, 1975
(0.308)* | 0.319 ]0.985 {CKoU
0.432 0.568 10.983 [CIU Mitchell, 1976
0.250 0.384 [0.970 |CIU Henkel, 1960
(0.256)* | 0.758 0.999 |CIU Brown et al., 1975
0.300 0.767 10.999 |{CKoU Ladd and Foott, 1974
0.341 0.491 [0.993 |CIU France and Sangrey, 1977
0.200 0.752 ]0.998 |CKoU Ladd and Foott, 1974
0.270 0.727 }0.998 |CKoU Ladd and Foott, 1974
0.380 0.618 10.988 {CIU Simons, 1960b
(0.300)* | 0.376 0.959 {CIU Skempton, 1961
0.310 0.590 {0.999 |CIU Togrol, 1965
0.205 | 0.779 10.994 |[FV,CIU Skempton and Henkel, 1953
0.221 0.193 10.919 |CIU Mesri and Olson, 1970
0.475 0.505 10.999 |CIU Sangrey, Henkel and Esrig, 1969
0.356 0.671 10.997 |Q-DS Hvorslev, 1960
-0.409 0.482 [0.955 |CIU Swanson and Brown, 1977
0.210 0.704 {0.992 |CIU Parry and Nadarajah, 1973
0.400 0.727 10.999 |CIU Shibata and Karube, 1969
0.320 0.454 }0.967 | Q-DS Hvorslev, 1960
0.240 0.772 {0.998 |CKoU Ladd and Foott, 1974 .
0.255 -0.653 10.992 {CIU Moh, Nelson, and Brand, 1969
-0.333 0.630 |0.995 [CIU Croce et al., 1969
0.250 | -0.590 ]0.999 |CIU Olson, 1962
0.430 | ~0.788 [0.997 ;CKoU - Lo, 1962
0.310 | .0.875 10.972 | CIU Simons, 1960a
0.280 0.641 10.998 | CIU Whitman, 1960
0.265 0.998 |0.950 |UU,CIU Raymond, 1972
0.230 '0.709 [0.994 | CKoU Simon, Christian, and Ladd, 1974
0.360 0.671 [0.982 |CIU Gibbs et al., 1960
0.335 0.714 10.999 |CIU Koutsoftas and Fischer, 1976
0.380 0.290 {0.974 | CIU deGraft-Johnson et al., 1969
0.418 | -0.835 [0.992 |CIU Taylor and Bacchus, 1969
0.290 0.550 10.998 | CIU Ladd, 1964 :
0.372 0.515 {0.997 |CIU Sheriff, Wu and Bostrum, 1972
0.378 0.920 {0.995{CIU Tavenas et al., 1978
0.340 0.369 10.954 | CIU Olson and Hardin, 1963
0.356 | 0.413 10.997 |CIU Perloff and Osterberg, 1963
0.313 0.872 10.978 | CIU da Cruz, 1963
0.342 | 0.596 10.993|CIU Lambe, 1963
0.231 0.922 10.999 | CIU Ladanyi et al., 1965
0.163 0.724 10.998 | CKoU Ladd and Foott, 1974
0.200 0.619 |0.999 | CIU Wu, Chang, and Ali, 1978
0.370 0.842 10.994 |CIU,UU Ladd and Lambe, 1963
N/A 0.469 10.999 ] CIU Wesley, 1974
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TABLE 1.—
(1 (2) (3) | 4) | (5) (6) (7)
46 Weirton 51| 25| 190 | N/A | N/A
47 Concord Blue 32 10 | 24.8 0.163 0.039
48 Agnew 54 24 | 25.0 0.159 0.048
49 Lagunillas 61 37 | 26.5 0.771 0.127
50 Drammen N/A|N/A| 30.7 0.599 0.127
51 Liskeard ‘ 56 33 | 26.1 N/A N/A
52 Vicksburg 63 39 | 259 N/A N/A
53 Massachusetts 21 6 | 30.5 N/A N/A
54 Moose River Muskeg N/A[N/A| 47.7 N/A N/A
55 Ottawa Estuarine 53 26 | 353 N/A N/A
56 Lilla Edet : : 61 32| 243 N/A N/A
57 New York Varved 5 50 25 | N/A N/A N/A
58 Khor-Al-Zubair - : 55 351 273 N/A N/A
59 Texcoco ; 343 | 279 | 34.0 N/A N/A
60 Hokkaido Silt A~ 52 21 | 37.2 0.299 0.058
35.1 0.290 0.060
61 Hokkaido Silt B~ - 51 21 | 35.1 0.193 0.030
349 | N/A | N/A
62 Hokkaido Clay | 72 32 | 36.1 0.412 0.058
: 34.0 0.410 0.060
63 Fao 39 20 | 36.9 N/A N/A
64 Saint Alban 45 221 27.0 N/A N/A
65 Kanpur Clay 38 18 | 29.0 0.284 | 0.060
66 Rann of Kutch 91 49 | 26.0 0.610 0.340
67 Spestone Kaolin 76 37 { 17.2 N/A N/A
68 Kaolinite 57| 25| 292 | N/JA | N/A
69 New England - N/A| 20| 32.0 N/A N/A
70 Ohio Silt : 24 4| 329 0.133 0.040
71 Drammen Clay . 55 26 | 25.1 N/A N/A
72 Lansisalmi ‘ 78 46 19.5 1.059 0.401
73 Sault Ste Marie o 55 32 | 28.9 0.165 0.050
74 Bath Kaolinite 48 15 | 24.5 0.189 0.045
75 Médndal ss| 25| 270 | N/JA | N/A
76 | Bangalore Montmorillonite 580 | 495 | 12.5 N/A N/A
77 Bangalore Kaolinite 49 201 25.5 N/A N/A
78 Kinnegar 88| 58| 270 | N/A | N/A
79 Calcutta : 58 20 | 30.2 N/A N/A
80 Regina g 83| 54| 200 | N/JA | N/A
81 Long Island Coastal 64 | 34| 228 0.222 0.068
82 Hackensack Varved- 65| 35| 19.0 | 0.481 0.068
40 25
83 New Providence 31 10 | 30.5 N/A N/A
84 Alaskan Gulf Co 35 14 | 34.5 N/A N/A
85 East Atchafalaya : ;
Kec = 1.00 79 53 | 21.7 0.479 N/A
Kc = 0.67 18.8
Ke=050 21.5
86 Buckshot Clay ‘
Kec =1.00 ‘ 57 36 | 26.7 | 0.402 N/A
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Continued
..(8) (9) (10) (1 - (12)
N/A 0.498 (0.982 |CIU D’Appolonia et al., 1966
0.355 0.684 10.998 |CIU Egan, 1977
0.308 0.491 |0.973 |CKoU Egan, 1977
0.305 0.589 {0.992 |CIU Ladd and Lambe, 1963
0.285 0.781 |0.996 {CIU Van Eekelen and Potts, 1978
0.298 0.847 [0.990 |CIU Raymond, 1973
0.287 0.729 {0.999 [CIU Ladd, 1962
0.416 0.223 10.999 |CIU Wissa, Ladd, Lambe, 1965
0.683 0.541 |0.996 |CIU Adams, 1965
0.300 0.828 |0.996 {CIU Kenney and Watson, 1961
0.290 0.372 10.997 |CIU Bjerrum and Simons, 1960
0.328 0.620 {0.990 {FV Leathers and Ladd, 1978
0.360 0.684 [0.999 |CIU Hanzawa, 1977a
0.420 0.725 }0.941 |CIU Alberro and Santoyo, 1973
0.420 0.787 |0.999 |CIU Mitachi and Kitago, 1976
0.400 0.765 10.997 {[CK U
0.362 0.851 10.999 |CIU Mitachi and Kitago, 1976
0.361 0.795 |0.998 iICK U )
0.410 0.791 |0.997 |[CIU Mitachi and Kitago, 1976
- 0.360 0.786 |0.998 {CK U
-0.530 0.584 {0.999°|CIU, Hanzawa, 1977b
- 0.290 0.972 |0.994 |CIU, Tavenas et al., 1978b
0.295 0.662 ]0.999 |{CIU Yudhbir and Varadarajah, 1974
0.326 0.454 {0.995 |CIU Yudhbir and Varadarajah, 1974
0.184 0.740 [0.999 |CAU Sketchley and Bransby, 1973
0.492 0.130 {0.999 |CIU Broms and Casbarian, 1965
0.325 0.715 {0.999 |CIU Ladd, 1976
N/A 0.709 }0.993 |CIU '~ Montgomery, 1978
©0.218 0.881 |0.999 |CIU ~ Fischer et al., 1978
0.215 0.364 |0.957 |CIU Korhonen, 1977
~0.327 0.743 {0.887 |CIU Wu, Douglas, and Goughnour, 1962
-0.425 0.431 |0.996 |CIU -Broms and Ratnam, 1963
0.254 0.720 {0.993 {CIU . Karlsson and Pusch, 1967
0.211 0.166 {0.999 |CIU . Sridharan et al., 1971
0.422 0.326 .| 0.999 |CIU - Sridaaran et al., 1971
0.338 0.857 |0.944 | CAU,CIU Crooks and Graham, 1976
- 0.342 0.544 10.984 |CAU _Gangopadhyay et al., 1974
0.308 0.556 0.999 |CIU Widger and Fredlund, 1979
- 0.21 0.482 |0.951 |CIU Swanson and Brown, 1977
0.158 0.760 | 0.986 | CIU Saxena, Hedberg, and Ladd, 1978
- N/A { 0.720 |0.998 | CIU - “Abeyesekera, Lovell, and Wood, 1979 *
0.408 " | - 0.698 |0.999 {CIU . . ‘Singh and Gardner, 1979
-0.282 | 0.599 10.993|CIU . Donaghe and Townsend, 1978 -
. 0.258 0.516 |0.997 |CAU
0.281 0.488 |0.998 | CAU
~0.335 0.684 [0.992|CIU Donaghe and Townsend, 1978
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TABLE 1.—
(1 ~(2) @) | @) | (5 (6) (7)
Kc = 0.67 22.1
= 0.50 24.9
87 Kyoto 88 57 | 325 N/A N/A
88 Guanabara Bay 140 90 | 25.1 N/A N/A
89 Kodiak Island 30 14 | 4222 0.124 0.056
90 Winnipeg Clay 94 60 | 12.8 0.996 0.240
91 Sydney Kaolin 50 16 | 30.7 N/A N/A
92 Weald Clay 46 22 | 259 0.193 N/A
25.0 0.195 N/A
93 Kaolinite vertical N/A|N/A| 27.8 N/A N/A
horizontal 29.2
94 Kaolin N/A|[N/A| 24.7 N/A N/A
95 Beaumont Clay 67 41 | 24.0 N/A N/A
96 Drammen Clay 57 27 | 30.7 0.526 0.043
' 0.506 0.042

“Extrapolated from S, /o’ , (0.c.) data.

and silt soils that are normally-consolidated to lightly and heavily overconsolidat-
ed. The data are reported by various researchers from countries all over the
world. Since the soils come from such a wide variety of sources, a comparison
of predicted and experimental soil behavior should provea true test to applicability
of the critical-state theory.

Soi ProPerTIES

The various journals of soil mechanics and geotechnical symposia proceedings
were reviewed in order to provide a data bank for this study. Data from a
total of 96 different soils were compiled during this research effort. Relevant
soil properties for each of these soils are summarized in Table 1. Included
are the plasticity characteristics, consolidation parameters, and shear strength
data, as reported by the researchers who tested these materials.

Index properties contained in Table 1 include liquid limit (LL) and plasticity
index (PI). Fig. 1 shows that the soils classify as low to medium to high plasticity
clays and silts. The virgin compression index (C_) and swelling index (C,) have
been determined from the results of one-dimensional consolidation tests conducted
on the clay and silt soils. In general, strength data was obtained from consolidat-
ed-undrained shear tests with pore pressure measurements. The peak undrained
shear strength to overburden ratio (S, /o’,) and effective stress friction angle
(¢’) from the normally-consolidated range of each soil are given in Table 1.
The overburden pressure (o ,,) represents the initial vertical consolidation stress
applied to the specimens before undrained shear to failure. The critical-state
pore pressure parameter (A,) and sample correlation coefficient (r) have been
determined from linear regression analyses. The critical-state parameter 1s the
basis for subsequent sections of this paper.

A variety of shear tests were used by the experimenters in order to investigate
undrained behavior. The majority of the soils (approx 75%) were subjected
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-Continued
8) (9) (10) (11) (12)
0.305 0.730 {0.996 |CAU
©0.320 0.703 |0.997 |CAU
0.530 0.211 {0.999 |CIU Akai and Adachi, 1965
- 0.253 0.880 |0.935:CIU,UU Costa Filho, Werneck, and Collet, 1977
0.510 0.672 |0.979 |CIU Sparrow, Swanson, and Brown, 1978
- 0.211 0.556 |0.997 {CIU Crawford, 1964 ‘
0.410 0.704 |0.972 |CKoU Poulos, 1978
0.323 0.683 [0.999 |CIU Henkel and Sowa, 1964
0.256 0.696 |0.998 | CKoU
N/A 0.736 {0.991]CIU Duncan and Seed, 1966
N/A 0.673 10.984 |CIU
0.238 0.673 [0.990 |CIU Wroth and Loudon, 1967
0.267 0.624 |0.988{CIU Mabhar and Ingram, 1979
0.280 0.815 |0.999 { CIU Andersen et al., 1980
0.210 0.768 {0.999 | CKoU
|20 T T T T T T
PT /
' )
A\
100 | / &
A-LINE: Pl = 0.73 (LL -20) V v
. 88
LINEAR REGRESSION: Pl =0.84 (LL-21) /
80 |- 7/ :
21 .
. 60 F 78 %0 - 4
a5 80 //
2
40 _
20 ¢t .
, LL
O ] I ] 1 ] ] - 1
o} 40 60 80 i00 120 t40 160

FIG. 1.—Plasticity Characteristics of Clay and Silt Soils

to isotropically-consolidated undrained ‘triaxial shear tests (CIU) with pore
pressure measurements. About 15% of the soils were tested in the triaxial
apparatus using anisotropic-consolidation (CAU) or consolidation conditions of
no lateral strain (CK_U). A few soils were investigated using ‘‘quick’ direct
shear tests (Q-DS), unconsolidated-undrained tests (UU), and direct simple shear
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devices (CK , U-DSS). One soil (No. 67) was tested in the plane-strain apparatus
(PS-CKoU). Nine of the soils were subjected to both CIU and CKoU tests
by their experimenters. _

It should be noted, however, that many factors were not evaluated in this
study. Some of these factors include: (1) Type of shear test (triaxial, simple
shear, etc.); (2) soil structure (virgin, remolded, sedimented, etc.); (3) sensitivity;
(4) differences in laboratory equipment and research personnel; (5) lateral
anisotropy; (6) inhomogeneity; (7) rate of testing; and (8) activity or clay fraction,
and other variables. Instead, it was hoped that the important basic trends in
the behavior of clayey soils would be observed by considering data from many
different sources.

UNDRAINED STRENGTH OF OVERCONSOLIDATED CLAY

The critical-state concept can be used to predict the undrained strength of
overconsolidated soils. For an isotropically-consolidated soil that has undergone
a simple load-unload cycle in its stress history, it may be assumed that the
stress path of an overconsolidated soil will reach the same failure point on
the critical-state line (CSL) as a normally-consolidated sample at the same water
content (see Fig. 2). This idea is similar to the equivalent pressure concept
formulated by Hvorslev (30) and used by Togrol (83), Schofield and Wroth
(66), and Pender (58). The application of this hypothesis to the model yields:

S

u

— (overconsolidated)
Ovo

u

— (normally-consolidated)
T vo

in which the overconsolidation ratio is defined as OCR = o, /0o,,; and A,
is termed the critical-state pore pressure parameter. Theoretically, the parameter
Ay=1-(C,;/C,_),inwhich C ,and C_ = the isotropic swelling and compression
indices, respectively. As a close approximation, Atkinson and Bransby (7) have
suggested that the parameter A, = 1 — (C,/C,), in which C, and C_. = the
conventional parameters obtained from consolidation tests. Values of A, for
clays and silts should theoretically lie within the range 0 < A, < 1.

Mitachi and Kitago (51) have further shown this relationship to be applicable
for anisotropically-consolidated soils. Atkinson and Bransby (7) have derived
a similar expression that includes the effect of K,, the coefficient of earth
pressure at rest. For simplicity, it is assumed that Eq. 1 applies for both isotropic
and anisotropic conditions and for peak and critical state strengths.

It is well recognized that an overconsolidated soil exhibits a higher shear
strength than a normally-consolidated sample of the material at the same confining
stress level. Ladd and Foott (40) have incorporated this effect in their SHANSEP
method by using normalized plots of shear strength-overburden ratios (S, /o)
and overconsolidation ratio (OCR). Insight into the actual behavior of overcon-
solidation clays is obtained through the normalization of S, /o ’, (overconsoli-
dated) values to S, /o', (normally-consolidated). For comparison, data from
many different clays that have been published in the geotechnical literature
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have been compiled for this study. As shown by Fig. 3, the undrained shear
strength to overburden ratio may be represented by a power function of the
overconsolidation ratio, in a manner similar to that expressed by Eq. 1. Ladd
et al. (41) have presented a similar format for the SHANSEP approach. Numerals
shown in Fig. 3 refer to clay and silt soils listed in Table 1.

(0 -0%)
A
=

n le/ 7 ~ ?\O,
o N7 \’*)o
RS \/é
7 \
<
I
& 2
o 2
ol o
i a
i
'
PO Cc Pn Cc max

P'= (0, +0,+03)/3

FIG. 2.—Equivalent Pressure Concept for Isotropically Normally-Consolidated and
Overconsolidated Soil

The paramétér A, may be experimentally determined from a knowledge of
strengths at various levels of OCR. In this study, the cntlcal state pore pressure
parameter (A,) is defined by:

S. | S.
log[ - .C. ] - log[ - (n.c_.)]
O .0 G0

A =% 2 2% 4 '. . . 2
° log [OCR] @

or more simply as the slope of the linear relationship between S / o 3 (overcon-
solidated) and OCR on a log-log plot. >
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7 _ — , ——— ;

Oyo overconsolidated

Sy . normally consolidated
/’vo Y

Sy

OCR

FIG. 3.—Observed Relationships Between S, /o, and OCR for 96 Different Soils
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FIG. 4—Normalized Experimental Relationships Between S, /o, and OCR -
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Linear regression analyses have been conducted between log [S, /o’,] and
log [OCR] to determine the value of A, for each soil. Experimentally determined
values of A, are listed in Table 1 for the clays and silts included in this study.
Sample correlation coefficients are generally high (r > 0.98), indicating that
A, is essentially constant with OCR. The trend of S, /o, with OCR is clarified
through Fig. 4. Values are seen to range from 0-1, as predicted by the critical-state
theory. In fact, the variation of A, may be represented by a normal distribution
with mean of 0.64 and standard deviation of +0.18. The higher observed values
of A, appear to be associated with highly sensitive natural clays.

‘It is important to noté that the critical-state pore pressure parameter has
been determined from a total stress approach, similar to that used in the SHANSEP
method of Ladd and Foott (40). In the preceding section, no direct pore pressure
measurements have been used to determine the value of A,.

Unprainep STRENGTH oF NormaLLY-ConsoLiDaTED CLay

The Cam-Clay theory presented by Schofield and Wroth (66) follows the
basic physical laws governing the conservation of energy. The concepts of work
and stored energy are applied using principles of recoverable (elastic) and
irrecoverable (plastic) strains. For initially isotropic conditions, it is derived
that the undrained shear strength to overburden ratio for normally-consolidated

0.7 ¥ T T T T T
*54
ISOTROPIC {CIU) TESTS &8
. &
<
0.6_ Q /N -1
eLP
<Ko
SN
&
— 63 - ) a7
L]
T o5} “eo J
- o5
O
2 3
= 74 4 598477
o 53
2 oaf Rt | -
36 o ° *32
© 58 B B 5
> 23 0370 .l *79
= 73
= 803:'6 II'4Q ©
E 03r 8oy 056 ’
(=] 2802752.” 8l
£ Zs -24
- 14 7| 4|
° Q0 Thefig 072
b 02' 7 %3 -
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=} .
% o2
Ol .
O 1 I ] ' 1 1
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M eXp(-/\,)/Z

FIG. 5—Companson Between Measured and Predlcted S /GVO for Isotropically
Normally-Consolidated Clays - - - - : ,.
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soils is represen‘ted in terms of effective stresses by:

S, 3 sin cb exp.(—A,)
(n.c)=
ol (3 —sind’)
in which ¢’ = the effective stress friction angle of the material.

Experimental and predicted values of S, /o, (n.c ) for 1sotrop1cally-consoh-
dated soils are compared in Fig. 5. Con51der1ng the wide variety of sources,
the Cam-Clay prediction appears exceptionally good and on the conservatlve
side. A linear regression analysis conducted between actual and predicted values
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N
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06 oV §§‘ 4
®
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= 16 %,261 :
g 86 ,20
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FIG. 6.—Comparison Between Measured and Predicted S, /o, for Anisotropically
Normaliy-Consolidated Clays

from CIU test results indicated a best fit line (assumed intercept = 0):

S, S
- (n.c.) CIU = 1.123

(n.c)predicted . . .. ... ... ... ... 4
O.o O0
with a sample correlation coefficient r = 0.820. (Note that » = 1 indicates
a perfect fit; » = 0 indicates no correlation.)

As a first approximation, the same theory may be used to estimate S, /o .,
(n.c:). for -anisotropically-consolidated clays (refer. to Fig. 6). A best ﬁt lme
(r = 0.845) determined from the CAU and CKoU data indicated: B
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Egs. 1 and 3 can be combined to fepreseﬁt S,/o’, for any OCR in terms
of effective stresses:

S, (3 sin ¢’

= - ) e "OCRY e . . ..., (6)

o (B—sing’) :
Eq. 6 has been used to predict the effect of OCR on the undrained strength
of four different soils (two natural and two remolded) as shown in Fig. 7.

CRITICAL-STATE PORE PRESSURE PARAMETER

The difference between A, experimentally determined from S, /o', data and
the approximate theoretical value of A, =1 — C_,/C_ determined from standard
consolidation tests is indicated in Fig. 8. It is postulated by the writer (47)
that this discrepancy occurs because of problems in properly determining the
swelling index parameter (C,). During most routine laboratory testing, little
attention is given to defining a value or range of values for C,. It appears
that the swelling index is actually nonlinear-on a plot of void ratio and log-effective
stress as noted by Pender (58) and Mesri, Ullrich, and Choi (50). Moreover,
‘the Cam-Clay theory was developed for isotropically-consolidated :soils-and,
in general, C_ has been determined from the results of one-dimensional (an-
isotropic) consolidation. Therefore, it appears more prudent to determine AO
from the results of shear tests than from consolidation tests.

For consolidated-undrained triaxial .shear. tests with pore’ pressure measure-
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ments, the value of A, may be determined for normally-consolidated and
overconsolidated soils using an effective stress approach:

oG]

Ap=—————2
In [OCR] — 1 @)

in which the parameter M = (6 sin ¢')/(3 — sin ¢'). Therefore, if effective
stress methods are used, only one test is required to determine the necessary
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FIG. 8—Companson Between A, Determmed From Consolldatlon Tests and From
Undrained Shear Tests

parameters that is: ¢ and A . In order to account for the observed experimental-
theoretical differences of the Cam-Clay model, it is recommended that an
‘“‘attraction’’ of approx 10% be added to the value of the effective vertical
confining stress (o .,). Lo
Often, natural soils are lightly to. heav1ly overconsohdated in situ. Undrained
shear tests are typically conducted at effective confining stress levels approxi-
mately equal to the effective overburden stresses, or -alternatively, using a
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SHANSEP approach. Since the OCR may not be known for ‘a natural soil,
the pore pressure parameter may be found from the results of two or more
shear tests conducted at different initial vertical confining stress levels, assuming
the samples have the same. preconsolidation pressure (o, ) in common. Thus

s, | S,
log G,J—.log — ,
v Gv E
A, = R o
: - o0 '
log | —

..o-v02

in which o, <o), <o, . In other words, the parameter A, is defined by
the slope of a linear relat10nsh1p between log [S,/0’,] and log [l1/o’,] as

log (S,/Oyq) | log(5,/0,,)

]
NOTE: 0,0 % Oyhox

Su/o-vlo (n.c.)'

OCR =!

log (OCR) log (1/0,,)

FIG. 9.—Definitions of the Critical-State Pore Pressure Parameter for Both Known
and Unknown OCR

shown in Fig. 9. The in s1tu OCR can then be backcalculated for these confining
stress levels from:

_ [/2\ s _ (1/Ag)
OCR = [(H)M (o.c.)exp(A‘O)] Pt )

Since a minimal number of tests are needed to define the characteristics
of the soil, the laboratory testing program for a geotechnical project can be
used more- effectively to 1nvest1gate the variability of the natural soil deposits
at a given site. Ea :
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StanstnicaL TRENDS

~ Since a large amount of data was compiled for this study, an extensive series
of linear regression analyses were conducted between the various soil properties
in Table 1 in hopes of discerning any correlative trends. Statistical relationships
that were determined to be significant in this study are summarized in Table
2. Three soils were not included in certain of the regression studies due to
their high compressibility (No. 28) and high plasticity characteristics (Nos. 14
and 25). A relatively good relationship (r = 0.722) appears to exist between
S./o, (n.c.) and sin ¢’ for the data. Faint trends (» = 0.3-0.4) were observed
between the parameter A, and index properties of the soils. However, a more
significant. relationship (r = 0.650) was found to exist between the product
C_ A, (theoretically equal to C; — C,,;) and index properties. In addition, sin

TABLE 2.—Results of Linear Regression Analyses

Sample
Number of | correlation
Statistical trend data points | coefficient
(1) (2) (3)

Su/o’, (n.c.) all = 0.923 (0.5Me ™) + 0.059 98 0.842
Su/o’,(n.c.) CIU = 0.909 (0.5Me ™) + 0.067 80 0.839
Su/o’,(n.c.) CAU = 0.952 (0.5Me ™ °) + 0.036 18 0.868
A, =0.805 (1 — Cs/Cc) + 0.035 59 0.605
C_=(PI + 26)/138 56 0.745
C.=(LL - 13)/109 \ 56 0.813
C.A,=(PI +12)/172 58 0.648
C.A,=(LL ~ 4)/213 58 0.662
Su/o!,(n.c.)all =0.642sind’ + 0.031 98 0.722
sin ¢’ = 0.656 — 0.409 (PI/LL) 87 . 0.538

¢’ appeared to correlate (» = 0.583) with the ratio of plasticity index to liquid
limit (PI/LL).

SuMMARY

For isotropically-consolidated remolded clays, A, appears to be totally
mdependent of OCR. Yudhbir and Varadarajan (92) have confirmed that Eq.
6 holds true for values of OCR ranging from 1-375 for Kanpur Clay (see Fig. '
10). For natural soils that are subjected to anisotropic consolidation, however,
a limiting value of OCR would be expected. During anisotropic swelling, K
increases with increasing OCR until K, equals K, (the coefficient of passlve
earth pressure). This is evidenced by the Bradwen London Clay reported by
Skempton (73) and shown in Fig. 7. Bradwell Clay shows a decrease in undrained
strength after apparently experiencing passive failure at an OCR of about 30.

The advantage of using the critical-state pore pressure parameter (A,) over

Skempton’s pore pressure parameter (4,) and Henkel’s pore pressure (a) is
that A, is constant over a range of OCR values while 4, and « are variable
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with OCR. For isotropically-consolidated soils sheared under undrained condi-
tions, the pore pressure parameter at failure (4,) as a function of OCR may
be expressed by: '

A, = —1 M — .. ... (10
d OCR 3 (10)

Measured and predicted values of 4 ,are compared in Fig. 11 for two natural
and two laboratory prepared soils.

The commonly accepted parameter (4) is also known to vary with stress
level to failure and initial stress state (K, ). Pender (58), VanEekelen and Potts
(84), and Mayne and Swanson (48) have shown A, to be independent of stress
level. It has also been shown that A, is essentially the same for isotropic and
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FIG. 12.—Measured and Predicted S, /o', with OCR for Isotropically and Anisotropi-
cally Consolidated Drammen Clay (6)

anisotropic tests (48,51). In Fig. 12, data on Drammen Clay reported by Anderson
et al. (6) show little variation in A, determined from CIU and CK_U tests,
even though two different test apparatus were used including: standard triaxial
and direct simple shear.

CoNCLUSIONS

The critical-state Cam-Clay theory gives rational and reasonable predictions
of undrained strength for normally-consolidated to overconsolidated clay soils.
The method is simple to apply, requiring only two soil constants (¢’ and A,)
in order to predict the effect of OCR on undrained shear strength-to overburden
ratio (S, /o ’,). If the OCR is known and pore pressure measurements: are
made, these constants may be obtained from the results of only oné consolidated-
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undrained shear test. A minimum of two tests is required if the stress history
(OCR) is not known. Although originally developed for isotropically-consolidated
soils, it is shown that the method can be used to give estimates of undrained
strength for anisotropically-consolidated clays and silts.

The validity of the theory is shown to be well supported by data collected
from many different sources throughout the world. In addition, it is shown
that the method is an effective stress approach that encompasses total stress
analyses such as SHANSEP. Therefore, it is believed that the Cam-Clay theory
has wide applicability in geotechnical modelling of natural and artificial clay
soil deposits.
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AprpenDix Il.—NotaTION

The following symbols are used in this paper:

A, = Skempton’s pore pressure parameter at failure;
C. = one-dimensional virgin compression index;

C_. = isotropic virgin compression index;

C, = one-dimensional swelling or rebound index;

C, = Iisotropic swelling index;

K, = coefficient of earth pressure at rest;

K, = coefficient of passive earth pressure;
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KEY WORDS:

ABSTRACT: The validity of the critical-state Cam-Clay theory to predict undrained
shear strength is substantiated with data from 96 different clay and silt soils reported
in the geotechnical literature. The study investigates normally-consolidated - and
overconsolidated strengths, which is important in that a range of strengths is more
common in natural soil deposits. Attention is given to establishing the critical-state
pore pressure parameter from routine consolidated-undrained shear tests. The critical-
state theory is shown to be an effective stress method that 1ncorporates total stress
approaches similar to SHANSEP. :

REFERENCE: Mayne, Paul W, “Cam-Clay Predications of Undramcd Stren thﬁ
Journal of the Geotechnical Engmeermg Division, ASCE Vol. 106 No GTII
Paper 15816, November, 1980, pp. 1219-1242

Clays; Laboratory tests; Normally consolidéted soils;
Overconsolidated soils; Pore water pressure; Shear strength; Shear tests;
Soils; Static loads; Stresses; Total stress; Triaxial tests
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(6 sin ¢')/(3 — sin ¢’) = slope of failure line in Cambridge g-P
space;

overconsolidation ratio (in terms of effective vertical stresses);
mean normal effective stress;

deviator stress;

sample correlation coefficient;

normalized undrained strength to overburden ratio;

Henkel’s pore pressure parameter;

effective stress friction angle;

critical-state pore pressure parameter; :

overburden pressure or initial effective vertical confining stress;
and

maximum vertical preconsolidation pressure.
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Errata.—The following corrections should be made to the original paper:

Page 1103, line 8 from the bottom: Should read sstransducers’” instead of

“‘diaphragm transducers”
Page 1106, line 1: Should r
<Normally, consolidated specimens’’

Page 1119, lines 8-9: Should read ‘‘Marine So
of “Two Marine Clays during Cyclic Loading”

e

ead “Normally consolidated specimens”” instead of

ils under Cyclic Loading instead

Cam-LLay PREDICTIONS OF UNDRAINED STRENGTH
Discussion by Themas C. Anderson,” M. ASCE

The writer agrees with the author as to the importance of being able to predict

the undrained strength of overconsolidated and normally-consolidated clays,

especially in light of the problems associated with sampling, testing, and costs.
However, the writer wishes to discuss the validity of the critical-state Cam-Clay

concept in predicting the in-situ strength ratio.
For normally-consolidated clays, Skempton (96) established the following

empirical correlation based on field vane tests

Su
(normally-consolidated) = 011 +00037(PD) . . . v oo
a

Bjerrum’s study (93) of embankments on soft ground foundations that failed
under undrained conditions indicated that a reduction factor, C,, should be
applied to the results of undrained laboratery tests or field vane tests on clays
of high plasticity. The reduction factor may be approximated by the following

equation (95)

PI
C,=10-05log dZE L for PIZ=20 ..o oo

Thus, the in-situ undrained strength ratio for normally-consolidated clays can
be estimated from Eq. 11, appropriately corrected by Eq. 12. Fig. 13is a plot
of 8,/¢,, (n.c.) versus PI for all of the data presented in Table 1. Skempton’s
correlation (Eq. 11) has been plotted on Fig, 13, along with the corrected version
by Eq. 12. The data poinis in Fig. 13 show no apparent relationship with plasticity
index, which is contrary to that indicated by Gardner (94). In addition, 76 and
86% of the data points, respectively, lie above the uncorrected and corrected
field strength ratio curves. Therefore, it appears that the Cam-Clay model generally
Paul W. Mayne (Proc. Paper 15816).

*November, 1980, by
2Projc'.ct Mgr., Schnabel Foundation Co., 210 Cleveland §t., Cary, Ill. 60013.
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overpredict ;
The Ii‘easlt;:ns ft(i:: tt;lfld undrained strength ratio for normally-consolidated cl
in Tablo 1 wes dls probably is due to the fact that nearly all of th :YS-
(CTU or CK, Uy tests, i(;];)eg o consalidated undrained triaxial Comprzssiagi
. e . inted out yLadd, etal. 41), ** . - R
tests s1gmf15:’antly overestimate the average in—situ( g )’f cU tr}a:mal compression
most clays, . for stability analyses with
With regard to the undrai
] ndrained sirength of i
the ba : . gth of overconsolidated :
s re ms:: ]i':ll:tlon_sh}p employed by the author. It sould be noted th(:: tyhT Eq. 1. 18
y similar to the following expression presented by La?igquatm;l
, et al.

(41).
S

]

(overconsolidated)

T o

Sﬂ
o (normally-consolidated)
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1n Whlch = 0 ] sent and SCus: y 1 utnoi
m .8. he data pre 1 Cd 1 [able 1 d.l C Sed b he a th
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FIG. 13— ici for Normaily.¢
5./o,, Versus Plasticity Index for Normally-Consclidated Clays

indicate the exponent A i aries from 0.1
o in Eq. 1 varies f
ndicate rom 0.130 to 0.998 wi
exponentT]:lils., even th(?ugh Egs. 1 and 13 are basically the e e
pone values differ significantly. . .. same. the OCR
as
Y. please note that Eq. 13 can be utilized in the following manner
as

a very simple prediction method i
e fevind od for the undrained strength ratio of overconsoli-
S,
(overconsolidated) = —

Vo
vo'

. (normally-consolidated) x OCR™ . . (14

in which § : i
/@ o (normally-consolidated) = Skempton’s corrected correlation
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Discussion by Demetricus C. Koutseftas,” A. M. ASCE

The author made a serious effort to collect and analyze a massive amount
of laboratory test results. This information will prove to be a useful reference
for practitioners. The data were obtained from many sources and apparently
different investigators used different types of tests. This is not clearly pointed
out in the paper and furthermore it is not adequately accounted for in the
analysis of the data. The discusser will attempt to demonstrate that the type
of test has an important effect on measured strength parameters and has to

unted for in the analysis of the data; this is perhaps most

be properly acco
¢ normalized strength

important when one attempts to apply Eq. 3 to estimat

ratios, Su/a,,, as proposed by the author.
As far as the discusser could ascertain, Table 1 includes data from isotropical-

ly consolidated triaxial compression tests (CIUC), anisotropically comn-

solidated triaxial compression (C AUC), X -consoliated triaxial compression

(CK, UC}), and K,-consolidated direct simple shear tests (CK, U—DSS). Although

there is evidence to suggest (19,100) that Su /&,, ratios measured in triaxial
compression tests are not seriously influenced by the mode of consolidation
prior to shear, there is ample evidence @1,41,95,98) to demonstrate that for
many clays, strength ratios from CK_UDSS tests are normally lower than
corresponding values measured from triaxial compression tests. Data presented
by Ladd (101) show that Su/o,, from compression tests may be 1.1 to 1.7
times the corresponding values obtained from direct simple shear tests. Therefore,
it is i@nam to identify in Table 1 which soils were tested in g)ﬂlpression
(CK_, UC}) and which soils were tested in direct simple shear (CK, UD 88).
To the discusser’s knowledge, the data reported in Table 1 for soils No.
6, 8, 9, 21, 42, 71, 82, and 96 were obtained from CK, UD SS tests. It should
be noted that for soil No. 96, CK , UD SS tests gave lower values of Su /o,
than CIU tests. This is further substantiation that the type of test has an important

effect on normalized strength ratios.
The results of direct simple shear tests are

of effective stresses (102,103), particul
*4r. Engr., Dames & Moore, Park Ridge, 1L

difficult to interpret in terms
arly the determination of friction angle,
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$. It is therefi i .

Table 1 r1'et I:);'e CIIH(IP%%HSFSIOt cltarlfy whether the friction angles reported i
1T © ests w : . n

CK, UDSS tests or from triaxial teszscre obtained from interpretation of the

I he data prese p
a I q ire l‘lfl 1
ﬂted m l ble 1 cqu; Cla cation Wltll respect to the fo“owlng.

I. Soils No. 2 and
. 18 appear to h i .
reportod o, to have the same index i
The teags oo ;em; :llllfgoles are approximately the same (within c?(;)‘:;ﬁ;ia?nd e
woudess it s Samertslzei;i by the same group of researchers and therefo::mr).
in Toported S /e was used in both cases. If so, the 1 i s
2 homeed u/T,, values is worthy of cornment » fhe luree difference
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. at the tests were CK_ UD i
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_ : . ~ vo T
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: Tatn compressi UD .
rospoctirety pression tests and
Frapects tgst;f‘h?r 1\lfallue of 0.328 reported by the author wal; a;JCIJI::e IngSS sinog
v e ba.Sis ::,fu]s;; og F]}; data 1:muld create problems in an:ly;iig;t?hmed
\ ) : . 3. The author ore
mtserpsrﬁed will be appocsioien ULhor's comments as to how the data were
« daxena et al. (65) reported u i : o
repy ndrained st i
of e o rength ratios- of 0,158
and 014 to)O.liszrcoﬁotI'JD SS tests, 9.235 to 0.25 from triaxial o::om(a?mr'Tlge
e réportcd o fro name'tl ¢xtension; normalized strength 1’:3,tic:>sp ? "0.28
ontonmiied ! plane §tram compression and 0.25 to 0.26 fro, . 0.2'8
Sxtensio 1 quite obvious that the type of test h an i ity
e al ue off the normalized strength ratio 0 & imporiant effect
value of effective frictioni anele . . '
detomrne < e fric angle of 19° reported in Tabl
e mined un:o;::in(g(;lUC tests,. at _the maximum shear st:eiswﬁoisparenﬂy
Saxens ct al. 4o} vfas s;éecss ratio (¢,/5,),..., the Friction angie Ie oer:eé, bat
that the masimen) 25 sn:e::su;;hein;ore, the effective stress paths ingicati
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maximum i  these oy
i ﬁi:g):i f]tlr:’s;: ra_tlo. It seems that under these congtii::ui;; Ill"a'nt'the
: aximum principal i ’ ritical
e : pal stress rat it
ate analysis. The use of a friction angle of 19° reqil(;rse]:cii]ill;ititf,'iec:fgd o ertcal
ion.

A comprehensiv i
. € series of undrained
discusser’s direction. of undrained shear tests were per
simple shea:li:gtt;on, I;CIudmg triaxial compression triaxialixtft;olal.;lss ungi{ (he
on K -consolidated : ; » and direct
data are pre - tdated specimens of two mari .
of Eq 3p a,;zn:ﬁd mtTabIF 3, including Su /7, values conrlll?litc‘::cliay& tll’lertmem
-3, e ratio of computed t o on the basis
computed Su /& ; © measured shear stren i
/., ratios are 0.80 to 1.57 times the measured vazluitsh ;thbs'. e
: . The biggest




180

JANUARY 1882

GT1

TABLE 3.—Mesasured and Predicted Strength Ratios for Two Holocene Clays

Liquid
limit,
Measured
. as @ Type Propertioes Com- -
Soil percent- of puted [{Su/7,,)el/
type age Pr test (Suja,.ymj & A, | (SufF,00c |(Su/a,,)m]
(n (2) (3) 4) (5} g | M {8) 9
Plastic 65 £ 10 40 CKnﬁC 0.3212 35° 0,78 0.325 1.01
Holo- CK, UDSS 0.250 30° 0.80 0.270 1.08
cene CK,UE 0.20 31.0 |0.88 0.257 1.29
Silty 35+ 10 |18 %5 CKDI_J_C_ 0.325 262 | 0.80 0.26 0.80
Holo- CK, UDSS 0.230 30° 0.88 0.25 1.09
cene CK,UE 0.17% 31,7 [0.84 028 1 137

» pgsumed for purposes of computation.

discrepancy appears to be for extension tests.

Based on data shown in Table 3 and data presented on Figs. 5 and 6, it
is concluded that the proposed Egq. 3 may seriously overestimate normalized
strength ratios for extension tests, and underestimate corresponding values for

compression tests.
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Discussion by J. A. Ramalho-Ortigio,* M. ASCE
and Leandro Moura Costa-Filhe®
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Cc . C-!‘
= 0.40 (at the beginning of the virgin curve); =006.... (15)
1+e, {+e,

Thus, C,/C, = 0.15, and one gets A, = 0.85 from the expression A, =1
— €,/ C.. Using the equation statistically obtained by the author

CS
A, = 0.805 (1 - E—) 0035 . o e e (16)

e

a value of 0.72 is obtained,

In Fig. 15, a comparison is made between the values of the slopes of the
OCR versus the normalized strength curve in a log-logplot. This figure includes
the results of CIU and CK U triaxial tests carried out by Ramalho-Ortigao
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FiG. 15.—Relationship Between Normalized Undrained Strength and OCR for Rio
de Janeiro Soft Gray Clay '

(107), and the previously estimated values of A,. The laboratory results follow
approximately straight lines with slopes of 0.73 and 0.60 for the CIU and CK U
tests, respectively. These values are in good agreement with the theoretical
one (A, = 0.66) using Eqs. 3 or 7, and with the value obtained from the statistical
correlation, A, = 0.72. The difference between those values, and the value
A, = 0.85 obtained from the odometer test, fall within the range of data presented
by the author in Fig. 8. However, the value quoted by the author in T able
1 of the paper does not fall in the range of the laboratory results of the normalized
undrained strength versus OCR for the Rio de Janeiro gray clay.
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Cam-CrLay Prepictions oF UNDRAINED STRENGTH®
Closure by Paul W. Mayne,® A. M. ASCE

Koutsoftas and Anderson are correct in noting that the data are primarily
from triaxial compression tests. This is briefly mentioned in the introduction
and should have been reiterated throughout the paper.

It is unfortunate that S, /c,, (nc) values from isotropically (CIUC) and
anisotropically (CK ,UC) consolidated undrained triaxial compression tests do
not correlate with PI. Anderson is referred to Schmertmann and Morgenstern
(116) who have provided good arguments against the use of global empirical
correlations with PI, Larsson (112) has arrived at similar conclusions for triaxial
compression tests in Scandinavian clays. He recently reviewed reported failures
of embankments and foundations, and cautioned that the field vane should
be used only as an index test, substantiated by the results of CK,UC, DSS,
and CK ,UE tests. In a separate study, Trak, et al. (117) indicate that “‘the
strength available at failure under an embankment is nearly independent of
the plasticity index.”” Their Fig. 17 is similar to the one presented by Anderson
int his discussion.

All values of A, in Table 1 were determined from a total stress approach
described by Fig. 9, except for clay from Guanabara Bay reported by Costa-Filho,
et al. (12). Eq. 7 was used, corrected by an ‘“‘attraction’’ of 12% as discussed,
to obtain A, = 0.78. The value of 0.88 was incorrectly reported by the writer
in Table 1. The writer is grateful to Ramalho-Ortigao and Costa-Filho for the
additional data on Rio de Janeiro clay.

Koutsoftas has indicated the importance of stress rotation on the undrained
shear strength of clay soils. In a manner presented by Soydemir (104) and
Koutsoftas and Fischer (110) the CK,UC, CK ,UDSS, and CK_,UE tests can
be used to represent principal stress rotations approximating B = 0°, 35°-45°,
and 90° respectively. The original Table 1, indicating which soils were tested
under CK ,UDSS conditions, was unfortunately edited by the writer prior to
submittal to ASCE.

The available data for soils tested under both triaxial compression and direct
simple shear were reviewed for comparison. Silty Holocene clay reported by
Koutsoftas and Fischer (34) was designated as soil No. 97. The ratio of S, /o /, (nc)
from CK , UDSS to that from CIUC and CK , UC tests generally varied between
0.6 and 0.8 for normally consolidated specimens. As presented in Fig. 16, however,
an interesting relationship developed, independent of OCR:

u u

(CIUC or CK,UC, orboth) . . . ....... an

s

“ (CK,UDSS) = 0.7
Yo GWJ

However, Prévost (114) has presented theoretical conversions between

*November, 1980, by Paul W. Mayne (Proc. Paper 15816).
°Geotechnical Engr., Law Engrg, Testing Co., Wash., D.C.
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strengths measured under simple shear and triaxial conditions. Although

CK ,UDSS testing is advocated by Ladd and Foott (40,109), it is the writer’s

experience that few commercial laboratories have simple shear equipment.
Addressing the questions raised by Koutsoftas:

1. As explained in Table 1, §, /o, (nc) for soil No. 18 was estimated by
extrapolation from 12 = QCR = 212; thereby the difference with soil No.
2 tested at 1 = OCR = 2.6.

2. Data for soil Nes. 71 and 50 (Drammen clay) were derived from simple
shear and triaxial tests, respectively, Minor differences with respect to soil
No. 96 may be attributed to variations in the actual presentations of the data
(6,22,84).

3, The data for Portsmouth clay (soil No. 29) was obtained from simple shear
tests reported by Ladd (111).

4, The critical-state pore pressure parameter (A ) for New York varved clay
was determined using Eq. 8 (Fig. 9) and field vane test data to show applicability
of the method fo in situ testing. Eq. 3 was not applied in this case.

5. For many soils, the “‘critical state™ failure is difficult to discern. The
effective stress method was applied to peak undrained strength where, in general,

- &’ was determined at maximum deviator stress (114). For soil No. 82 reported

by Saxena, et al. (65), apparently &’ = 15° should have been used.

The theory presented for Cam-Clay in Egs. 3 and 6 are for consolidated-un-
drained triaxial compression tests. Ninety-two percent of the data presented
is derived from CIUC, CK_UC, and CAUC tests. The generalized prediction
for undrained sirength by the critical-state theory is

S

- = J‘—l(e*‘ OCRY e o e e (18)

in Which M, opreqsion = 6 50 ¢7/8 — sin &’} and Mo, = 6 sin ¢7/8 +
sin tb’)as derived by Schofield and Wroth (66). In Fig. 17, Eq. 18 has been
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applied to four soils, assuming that relatively small differences exist between
isotropically-consolidated triaxial, ¥ . consolidated triaxial, and plane-strain tests.
Clearly, the effects of stress rotation can be significant, as predicted by Cam-Clay
theory.

The writer, also-a practitioner, advocates the use of only two soil constants,
¢’ and A,, for small projects where limited budgets restrict the amount of
testing possible. For critical structures, these concepts can be used to organize

a large amount of data together or recognize soils which exhibit deviant behavior
and justify extensive testing, '
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TrnstoN RESISTANT INCLUSIONS IN SOILSa
Discussion by Robert P. Chapuis®

The general analytical approach presented by the authors is an invaluable
step in the improvement of design procedures for tensile strain-controlled
soil-inclusion systems. The writer wishes to discuss the authors’ limited classi-
fication of available design methods, and the questions some of the conclusions
of the experimental investigations.

According to the way the problem is approached, studies of the mechanical
behavior of composite materials made with soil and tension resistant inclusions
may be divided into two groups. In the first approach consisting of a decomposition
calculus, the forces in the soil and in the inclusions are considered separately.
This decompaosition calculus was generally restricted to limit-equilibrinm analysis,
and was used for example by Schlosser and Vidal (13), Schlosser (22) and
by Lee, et al. (20) to design reinforced earth retaining walls. In the second
approach consisting of a global calculus, the reinforced soil is considered as
an anisotropic continuum. This global calculus was used by Westergaard (23)
after a suggestion made by Professor Casagrande, and more recently adopted
for example by Harrison and Gerrard (5), Romstad, et al. (12). This second
approach usually involves fem and is relative to the general mechanical behavior
of the reinforced soil. However, the first approach, an analytical one, is the
only one which can facilitate the understanding of the mechanical internal behavior
and of soil-inclusion interactions. Thus, as done by the authors, it appears
useful to develop a fem analytical approach with distinct elements for soil and
inclusions, '

In the past years, the writer has developed an analytical method (16,17) to
take into account the soil-inclusion interactions and, especially, the shear stresses
that change their sign above and under a reinforcing element. The influence
of these shear stresses is important since they are equivalent to the tensions
of inclusions which in turn may be equilibrating an active earth pressure for

*December, 1980, by Kamal Z. Andrawes, Alan McGown, Mohsen M. Mashhour and
Ragui F. Wilson-Fahmy (Proc. Paper 15928).
Vice-Pres., Mon-Ter-Val Inc., Montréal, Québec, Canada.
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example. From these results (16,17) which were restricted to limit-equilibrium
the writer concluded that the replacement (in design) of a reinforced soil b)}
an equivalent continuum should consider the following equivalences: inclusion
tensions + soil solicited by inclusions — analytical method. This is equivalent
to anisotropic cohesion -+ soil with cohesion effect — global method. As a
matter of fact, and at least for limit-equilibrium, the eguivalent continnum of
the global method should have an anisotropic cohesion taking into account the
concentration and the orientation of the inclusions relative to principal stresses
as well as the stress level. Furthermore, it should be able to account for such
Phenomena as the lack of adherence (the tension developed in an inclusion
is lower than its resistance), the cohesion effect (relative to the shear stress
distribution around the inclusions), and the loss of adherence (no tension can
be developed in the inclusions). Consequently, it is the writer's opinion that
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fem can improve design methods only if théy use distinct soil and inclusion
elements taking into account the stress and strain peculiarities around the
inclusions. -

The preceding information on design procedures should give a better idea
of the work performed by the authors, who in the writer’s opinion, should
be congratulated for their general analytical approach.

Further comments are relative to the embankment test resulis, especially in
relation to the sand box dimensions and the silo effects. For cxpcriments'involving
active earth pressure, it is well-known that the internal width must be larger
than the height, H, of the fill (15,18). More specifically, tests have been performed
in sand boxes similar to that of authots’, in the case of reinforced earth retaining
walls. These tests (14) have been partially turned to account (19). They have
been gathered by the writer to show simultaneously the influences of the width,
W, and length, L, of sand box. It appears from Fig. 14 that silo effects are




